During its ascent up Mount Sharp, the Mars Science Laboratory Curiosity rover traversed the Bagnold Dune Field. We model sand modal mineralogy and grain size at four locations near the rover traverse, using orbital shortwave infrared single-scattering albedo spectra and a Markov chain Monte Carlo implementation of Hapke's radiative transfer theory to fully constrain uncertainties and permitted solutions. These predictions, evaluated against in situ measurements at one site from the Curiosity rover, show that X-ray diffraction-measured mineralogy of the basaltic sands is within the 95% confidence interval of model predictions. However, predictions are relatively insensitive to grain size and are nonunique, especially when modeling the composition of minerals with solid solutions. We find an overall basaltic mineralogy and show subtle spatial variations in composition in and around the Bagnold Dunes, consistent with a mafic enrichment of sands with cumulative aeolian-transport distance by sorting of olivine, pyroxene, and plagioclase grains. Furthermore, the large variations in Fe and Mg abundances (~20 wt %) at the Bagnold Dunes suggest that compositional variability may be enhanced by local mixing of well-sorted sand with proximal sand sources. Our estimates demonstrate a method for orbital quantification of composition with rigorous uncertainty determination and provide key constraints for interpreting in situ measurements of compositional variability within Martian aeolian sandstones.
Introduction
Gale crater was chosen as the landing site for the Mars Science Laboratory (MSL) Curiosity rover because of its well-defined sedimentary rock record, inferred to span a major climate change and drying of the Martian surface environment [e.g., Anderson and Bell III, 2010; Milliken et al., 2010] . Gale crater also contains dark mafic sands accumulating on the crater floor as sand sheets and sand dunes (Figure 1a ) with some fraction of the grains blown out of the crater to the south [Anderson and Bell III, 2010; . The Curiosity rover drove through a topographic low within the broad expanse of bedrock that defines the base of Mount Sharp (officially named Aeolis Mons), which is the principal target of Curiosity's investigation. Mafic sands accumulated near this topographic low form a dune field, informally named the Bagnold Dune Field (Figure 1a ). The Bagnold Dunes are morphologically diverse: individual barchan dunes at the upwind (or trailing) margin migrate to the southwest, merge into barchanoidal ridges downwind, and ultimately transition into linear dunes paralleling the foothills of Mount Sharp (Figure 1a ). Average wind directions inferred from the orientation of dunes [e.g., Hobbs et al., 2010; Silvestro et al., 2013; and ventifacts are mostly from northeast to southwest near the rover path.
Sand composition in Gale crater was modeled to be olivine-rich [e.g., Rogers and Bandfield, 2009] and later estimated to contain olivine of forsterite number (Fo)~55 [Lane and Christensen, 2013] , using data from the Thermal Emission Spectrometer, acquired at a resolution of approximately 3 × 6 km/pixel. Spectral variability in the visible-to-shortwave infrared (VSWIR) wavelength range was observed at a finer spatial resolution (18 m/pixel) from Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) data acquired in the northeast portion of the dune field, near Curiosity's landing site . The barchan dunes (Figures 1b-1d ). These observations likely indicate spatial variability in composition and may result from several mechanisms, including variable dust cover, mixing of different sediment sources, and/or wind sorting of mineral phases by grain size, density, and shape.
Wind sorting has been suggested at various places around Mars. For example, Chojnacki et al. [2013] demonstrated variability in the iron oxidation state of materials in sand dunes due to local aeolian fractionation at Capri Chasma and Melas Chasma from High Resolution Imaging Science Experiment (HiRISE) band ratios. Variability in thermal inertia was observed by Pan and Rogers [2017] within several dune fields on Mars, indicating spatially inhomogeneous grain-size distributions. Global comparisons of sand composition have been made and showed that dark Martian sands are primarily mafic with some compositional variation [Poulet et al., 2009; Tirsch et al., 2011] . However, quantitative estimates of variability in modal mineral composition and grain sizes in Martian dune fields largely remain to be performed.
The composition of aeolian sedimentary rocks not only reflects that of the sediment source(s) but also subsequent modifications of the primary composition by sorting during transport and postburrial diagenesis and alteration. Thus, a quantitative understanding of the degree of sand-sorting by Martian winds is critical to the interpretation of in situ measurements of the compositional variability of aeolian sedimentary rocks, which have been observed both from orbit [Milliken et al., 2014] and in situ with rovers [Grotzinger et al., 2005; Siebach et al., 2017] .
In this paper, we analyze orbiter-based data to qualitatively map the spectral variability within the Bagnold Dune Field near the rover traverse (Figures 1b-1d ) as well as invert for quantitative sand bulk composition and grain sizes at four unique locations-the Namib and Kalahari Dunes, a linear dune, and a crater fill ( Figure 1a ). We compare our orbital inferences with ground observations from the Curiosity rover at Namib Dune (Figure 1a ) and infer the magnitude and causes of compositional variations observed from orbit.
Methods

Derived Orbital Data Products
CRISM measures radiance reflected from the Martian surface at 544 discrete wavelengths from~0.4 to 4.0 μm [Murchie et al., 2009] . Full-resolution targeted (FRT) CRISM scenes have spatial resolutions of~18 m/pixel, and along-track oversampled (ATO) scenes can be acquired and processed with spatial resolutions of~12 m/pixel or less [e.g., Arvidson et al., 2015; Kreisch et al., 2017] . Surface single-scattering albedo (SSA) spectra were retrieved from measured I/F (CRISM image ATO0002EC79) by use of a look-up table. The latter was derived by using a discrete ordinates radiative transfer model (DISORT) of atmospheric contributions from CO 2 , CO, H 2 O, dust, and ice aerosols [Stamnes et al., 1988] , and a Martian surface scattering function [Johnson et al., 2006a [Johnson et al., , 2006b Sullivan et al., 2008; Arvidson et al., 2014; Kreisch et al., 2017] .
We consider a set of dunes and sand fills near Curiosity's traverse ( Figure 1a ). VSWIR spectra of four regions of interest (ROIs)-two barchan dunes (Namib and Kalahari), a linear dune, and a crater fill (Figure 1a )-were selected to be inverted for modal mineralogy. These four sites were chosen because they are most distinct in terms of their overall spectral properties (i) near the rover traverse (Namib and Kalahari) and (ii) within the entire spectral scene (linear dune and crater). We averaged atmospherically corrected single-scattering albedo spectra over four ROIs, composed of 74, 127, 222, and 284 CRISM ATO pixels on Namib Dune, Kalahari Dune, the linear dune, and the crater fill, respectively ( Figure 1a ). Figures 1c and 1d show the raw and normalized spectra at the four locations. Masked wavelength regions were removed from our analysis because they contained spurious atmospheric residuals.
Variations in spectral properties can also be tracked over a broad area. Spatial variability in olivine and pyroxene abundance was examined with 18 m/pixel FRT CRISM data and a series of spectral parameters, including the olivine index 3 (OLINDEX3) (Figure 2a ), which increases with the strength of the 1 μm olivine spectral absorption and is used as a proxy for olivine content and/or grain size . The ferrous versus ferric nature of surface materials was mapped at 0.3 m/pixel, using a red/infrared band ratio from HiRISE scenes ESP_021610_1755 and ESP_035772_1755 (Figure 2b) [Delamere et al., 2010] . HiRISE red/infrared band ratios are low for ferric (typically dust-covered) and high for ferrous materials (mafic surfaces). Ripple displacements were estimated near the traverse of the Curiosity rover from a time correlation of a HiRISE stereo-pair (ESP_018854_1755, acquired 04 August 2010, and ESP_035772_1755, acquired 14 March 2014), following the technique of Bridges et al. [2012] , over a total timespan of 1318 Earth days (Figure 2c ). This technique relies on the movement of ripples exclusively as a proxy for sand flux [e.g., Ayoub et al., 2014] .
Quantitative Mineralogy Using a Bayesian Implementation of the Hapke Radiative Transfer Model
Radiative transfer models [e.g., Hapke, 1981] allow inversion of single-scattering albedo spectra of planetary surfaces for mineral abundance and grain sizes. Though prior authors have typically presented only a single 
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best fit solution to estimate mineral abundances, the solution to the inverse problem is highly nonunique due to parameter trade-offs, e.g., between the abundances of different mineral endmembers and between abundance and grain size of a same mineral endmember. Moreover, noise in the data adds to the uncertainty in selecting a best fit solution [e.g., Lapotre et al., 2017] . In order to allow for a range of modal mineralogies that could reasonably explain the data, given its noise, and to estimate the uncertainty associated with the nonuniqueness of the inversion technique, we adapted a Markov chain Monte Carlo (MCMC) algorithm originally implemented to invert for seismic slip along faults [Minson et al., 2013; Minson et al., 2014] to the radiative transfer inverse problem . Specifically, the forward model used to estimate the likelihood of a given sample given the data is the geometric optic model for light scattering of Hapke [1981] . The MCMC technique allows us to explore the parameter space (mineral abundances and grain sizes) at a sampling density that is proportional to the likelihood of a model given the data, which is a function of the misfit between the modeled spectrum and the data. Consequently, histograms of all accepted model solutions yield the probability densities associated with abundance and grain size of each mineral constituent.
Our general approach in selecting mineral endmembers was to assume no a priori knowledge on their precise chemical compositions and to determine a parsimonious set of endmembers. Thus, our suite of mineral endmembers was selected on the basis of (i) some of them being optically active and obviously required (e.g., olivine and pyroxenes) and (ii) others being expected in the context of mafic Martian sands and/or consistent with initial tests suggesting their necessity to fit the data properly (e.g., plagioclase, magnetite, hematite, and basaltic glass). In preliminary inversions, we tested the quality of fits to the data using six olivines of variable composition (Fo numbers ranging from 51 to 91), four pyroxenes of variable Ca content (enstatite to diopside), two plagioclases (andesine and labradorite), magnetite, hematite, and a basaltic glass. Hematite did not significantly improve the spectral fits and was thus removed for the sake of parsimony. Similarly, solid solutions that yielded poor fit residuals were discarded. Our final set of mineral endmembers to model the composition of sands of the Bagnold Dunes include one olivine, two pyroxenes (augite and pigeonite), a plagioclase (labradorite), magnetite, and basaltic glass ( Figure 3 and Table 1 ). Orthopyroxenes and higher Ca pyroxenes produced poorer fits to the 2 μm feature. The higher reflectance plagioclase produced better fits. Multiple olivines were possible, but the Fo51 olivine produced slightly better fits. We show results for both Fo51 olivine (preferred) and Fo80 to illustrate the sometimes subtle effects of mineral solid solution.
The propagation of light in absorbing materials is typically described by a complex-valued index of refraction, with a real part (n), which accounts for reflection and refraction, and an imaginary part (k), which accounts for Table 1 .
Journal of Geophysical Research: Planets 10.1002/2016JE005133 absorption. Together, n and k are wavelength-dependent properties of a given material and are colloquially referred to as optical constants. Within the wavelength range we consider (0.8-2.5 μm), we assume that the real index of refraction, n, of our mineral endmembers is a constant [e.g., as in Hiroi and Pieters, 1994] , such that the imaginary index of refraction of a given mineral, k, can be inverted from its laboratory reflectance spectra acquired at a known grain size. Full methods are described in Lapotre et al. [2017] . To invert for the optical constants of our mineral endmembers, we used Hapke's theory following methods similar to those of Lucey [1998] . We assumed that sand grains are spherical with no internal porosity, scatter isotropically (phase function, P = 1) without backscattering (backscattering function, B = 0), and used the formulation of Hapke [1981] for the particle internal transmission coefficient. Uncertainties associated with the derivation of optical constants from reflectance spectra can be large, often due to uncertainties in grain size and grain-size distribution for particulate samples [e.g., Poulet and Erard, 2004] . Optical constant error quantification is outside of the scope of the present study because proper assessment of errors requires both reflectance and transmission data of all endmembers which is not available. Although our model outputs have uncertainties associated with the derivation of optical constants that remain unquantified, we attempted to minimize these by (i) selecting endmember spectra derived from laboratory samples with relatively narrow ranges in grain size (Table 1 ) and/or (ii) comparing our results to other published optical constants [e.g., Lucey, 1998; Denevi et al., 2007; Zeidler et al., 2011] , such that we can assume that our input optical constants are reasonable estimates. The issue of the effects of uncertain optical constants on mixture modeling is examined further in a companion method-oriented paper .
With the optical constants of endmember mineral phases on hand, the single-scattering albedo of a given mineral endmember can be calculated at the desired grain size, and then linear mixtures of those singlescattering albedos can be compared with the CRISM-derived single-scattering albedo to invert for both mineral abundances and grain sizes [Mustard and Pieters, 1987; Poulet and Erard, 2004; Edwards and Ehlmann, 2015; Li and Milliken, 2015; Robertson et al., 2016] . Specifically, weight abundances and grain sizes of each endmember were sampled independently by our MCMC algorithm and then used together to compute the relative fractional geometric cross section of each mineral endmember. These were then used with optical constants to compute the modeled spectrum, which was compared with the CRISM single-scattering albedo spectrum.
We allowed for a covariance between data and model spectra of 2 × 10 À4 , a value that we found (through trial and error) to appropriately account for noise in the single-scattering albedo-converted CRISM data (e.g., Figure 4 ). We allowed for grain sizes in the range of 50-800 μm for all mineral phases but magnetite, which we limited to a 10-200 μm range, due to the fact that it rarely occurs as large crystals in igneous systems. The chosen bounds bracket a range of grain sizes (silt to coarse sand) that is consistent with aeolian transport under Martian conditions [e.g., Kok, 2010a] . At each location, we inverted for a Markov chain of 10 6 models, i.e., 10 6 sets of mineral abundances and grain sizes matching the data within the allowed noise level.
In the following, we use three metrics to describe our results. The "maximum a posteriori probability" model, or "MAP," refers to the most sampled area of the parameter space, i.e., the most probable mineral assemblage. The MAP represents the mode of the 12-dimensional posterior (i.e., output) probability density The endmember spectra we selected from the U.S. Geological Survey Spectral Library [Clark et al., 2007] were acquired with a Beckman spectrometer in directional conical mode, with a measured average phase angle of 30°; we thus assumed an incidence angle of 30°and emission angle of 0°for those spectra. Journal of Geophysical Research: Planets 10.1002/2016JE005133 function (six abundances and six grain sizes) and does not necessarily coincide with the mode of each individual parameter. The "mean" refers to the mean value of the parameter for all accepted models. Finally, the 95% confidence interval is defined as the centered bounds that contain 95% of all samples.
Were the individual probability densities normally distributed, the 95% confidence interval would correspond to a ±2 σ interval around the mean.
Results
Properties of Sand Spectra
All spectra have broad~1 μm and~2 μm absorptions, indicative of the presence of olivine and pyroxenes. The main differences between the spectra in Figures 1c and 1d are (i) the strength of the olivine absorption at 1 μm, (ii) the spectral continuum slope at the longer wavelengths, and (iii) the SWIR albedo at wavelengths great than~1 μm. Stronger olivine absorptions, steeper SWIR continuum slopes, and higher SWIR albedos are observed in the barchans and the linear dunes compared with the crater fill. Stronger olivine signatures in select locations might suggest that olivine grains are more abundant and/or coarser in these locations, or that opaque dust does not deposit or is removed in more active areas due to stronger winds, or both. (Table 4 ) were renormalized to our endmember phases only and are indicated by the filled stars. MAP values are summarized in Table 2 .
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Spatial Correlations Between Sand Flux, Composition, and Dust
We find that zones of high ripple displacements generally correspond to zones of higher OLINDEX3 and higher red/infrared ratios, e.g., at the Namib and Kalahari dunes ( Figure 2 ). This spatial correlation may arise from (i) preferential enrichment of olivine where sand flux is higher and/or from (ii) the olivine signature being preferentially masked by dust in the less active parts of the dune field. Ferrous (Fe 2+ ) minerals tend to have higher red/infrared ratios than ferric (Fe 3+ ) phases like Martian dust. The observed correlation between OLINDEX3 and HiRISE red/infrared ratio suggests that dust content is lower where olivine abundance is high (Figures 2a and 2b ). There is substantial scatter in the data of either index versus ripple displacement (Figures 2d and 2e ). Nevertheless, we find that total ripple displacement is positively correlated with the binned mean of both the OLINDEX3 (Figure 2d ) and the HiRISE red/infrared band ratio (Figure 2e ) for those ripples that migrated less than about a ripple wavelength between the two consecutive HiRISE images.
Untangling the effects of mineral abundances, grain sizes, and dust cover from orbit remains difficult, and ground truth is required to definitively exclude the possibility that compositional variations merely indicate differences in masking of the primary mineralogy by dust. The Bagnold Dunes were previously determined to be generally dust-free [Rogers and Bandfield, 2009] , are relatively active near the rover traverse (Table 4 ) were renormalized to our endmember phases only and are indicated by the filled stars. MAP values are summarized in Table 2 .
Journal of Geophysical Research: Planets 10.1002/2016JE005133 (e.g., Figure 2c ) [Silvestro et al., 2013 [Silvestro et al., , 2016 Bridges et al., 2017; Ewing et al., 2017] with dune displacements of about half those measured in the very active Nili Patera dune field [Bridges et al., 2012] , and HiRISE red/infrared band ratios are relatively high over the dunes (Figure 2b ). In the following section, we quantitatively constrain the modal composition of bulk sands at four locations, assuming that the Bagnold sands are relatively dust-free (an assumption later discussed in section 4.2). Figure 4 shows the modeled MAP spectra (blue) at the four selected locations for two different olivine Fo numbers (Fo51 and Fo80), as well as a random subset of 1000 accepted models (gray). The spread in latter spectra illustrates the variability we allowed for through the covariance parameter. Associated residuals are typically less than 2.5%. Root-mean-square (RMS) errors of the MAPs are typically slightly higher for the Fo80 olivine inversions. For both olivine compositions, the crater fill (Figures 4m and 4o ) displays a narrower range in accepted models (i.e., the gray lines are not as spread around the data spectra as for the other locations), which illustrates the fact that very few different models were acceptable according to our likelihood criterion, i.e., that most sampled models were deemed unlikely due to poor fits to the data. We interpret this result, along with the higher residuals, as reflecting a missing endmember in our parsimonious set, which we believe to most likely be fine dust. Indeed, fine ferric veneers over dark mafic materials, such as dust over dark basaltic sands, were shown to display spectral continuum slopes that are more "negative" than that of the underlying dark material alone [Fischer and Pieters, 1993] , consistent with the observed lower spectral slope over the crater fill (Figure 1c ).
Quantifying Modal Mineralogy
Inverted mineral abundances are shown in Figures 5 and 6 for the Fo51 and Fo80 inversions, respectively. These figures are analogous to traditional box plots but with the shape of each box reflecting the probability density of a given parameter. Within each box, the area that is shaded in a darker hue outlines the 95% confidence interval of the corresponding parameter, while the vertical line and open circle indicate the mean and MAP, respectively. Table 2 summarizes the corresponding MAP abundances. Using a 95% confidence interval, inverted ranges in permitted abundances are wide, typically >30 wt %, but their probability densities tend to have distinct modes. With both olivine compositions, probability densities associated with the crater fill are much narrower than for the other locations, reflecting the low number of models deemed acceptable by our MCMC algorithm, and again, likely pointing to a missing component.
Inverted grain sizes are shown in Figures 7 and 8 for the Fo51 and Fo80 olivine compositions, respectively. It is important to note that inverted grain-size probability densities only reflect the range of sizes that yield satisfying fits to the data, not the true grain-size distributions on the ground. Table 3 summarizes the corresponding MAP grain sizes. In contrast to the probability densities of mineral abundances ( Figures 5 and 6) , those of grain sizes tend to lack well-defined modes. The overall uniformity of grain-size probability densities indicates the relative insensitivity of the inversion to grain size. In particular, mineral phases for which we find the mean model to be similar to the median of the allowed grain-size range (dashed line in Figures 7 and 8 at 425 μm for all phases but magnetite; 105 μm for magnetite) should be considered with caution. Interestingly, the basaltic glass seems to be required to be relatively fine-grained. Grain sizes of other mineral phases are more difficult to constrain from their roughly uniform probability densities, although the grain-size probability densities of olivine and pyroxenes appear to be consistently skewed toward relatively coarser and finer sizes, respectively.
Overall, the abundance and grain-size distributions are similar between the two tested Fo numbers. Olivine and plagioclase abundances are consistently spatially anticorrelated: olivine abundances decrease from the linear dune to Namib Dune, to Kalahari Dune, and to the crater fill, while plagioclase abundances decrease from the crater fill, to Kalahari Dune, to Namib Dune, and to the linear dune. All four locations appear to have little magnetite (a few percent) and a significant fraction of basaltic glass. However, the spatial trends in pyroxene and basaltic glass abundances differ for the two Fo number cases.
Discussion
Evaluation of the Inversion Technique: Trade-Offs and Solid Solutions
Overall, our inversion technique produces many low RMS fits to spectra at three active sites. As discussed above, the small number of models with low RMS error for the crater-fill site is likely due to noninclusion of a dust layer on the relatively inactive bedforms. MCMC modeling of SWIR spectra successfully and quantitatively constrains the compositional range of the active sands, though this range is relatively broad, illustrating the inherent nonuniqueness of spectral inversions for basaltic materials. Retrieved plagioclase and magnetite abundances are relatively insensitive to olivine Fo number across sites, and this is likely because their retrieved abundances are governed largely by overall albedo. Additionally, the same trends in relative abundance by site are observed in olivine and plagioclase, regardless of the chosen Fo number. However, modeled abundances of other mafic minerals-augite, pigeonite, and basaltic glass-are affected by the olivine composition used in the model. A key contributor to this trade-off is the relative similarity of Table 3 .
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of matching the precise shape of the 1 μm absorption (e.g., possibly due to an olivine Mg chemistry that differs slightly between the ground and our laboratory endmembers) is accommodated by trade-offs between olivine and basaltic glass abundances, which themselves impact the pyroxene abundances and the fit of the 2 μm feature. This caveat reflects the difficulty of inverting for mineral abundances when several solid solutions and/or an amorphous phase with similar spectral properties, in this cases two pyroxenes and mafic glasses, are present.
To summarize, potential sources of uncertainty in MCMC Hapke unmixing results for remote compositional analysis here and for the approach generally include (i) errors in model inputs, both for laboratory data (e.g., incorrect endmember suite and inaccuracies in optical constants) and in input orbiter-based data (e.g., instrumental noise and incomplete atmospheric correction); (ii) systematic errors in the forward model (e.g., in the physics and assumptions of the Hapke model formulation); and (iii) inherent nonuniqueness of the inverse problem (e.g., trade-offs between mineral abundances and grain sizes in setting single-scattering albedo values). A companion manuscript determines the relative importance of each of these parameters as sources of error and uncertainty . Here we evaluated the holistic performance of the MCMC Hapke modeling, as could be applied to any planetary surface, using ground truth data acquired by the Curiosity rover of mineralogy and grain size.
Comparison With In Situ Observations and Measurements From the Mars Science Laboratory Rover at Namib Dune
The Curiosity rover investigated the Namib Dune of the Bagnold Dune Field between Martian solar days (sols) 1162 and~1243 of the MSL mission [Bridges and Ehlmann, 2017] . In contrast to previous observations of loose regolith along the rover traverse, the Bagnold sands do not appear to contain intermixed dust and grains do not form clumps. The absence of dust is also confirmed by in situ compositional data sets Johnson et al., 2017; O'Connell-Cooper et al., 2017] . The Mars Hand Lens Imager (MAHLI) documented that sand grains were very fine to medium in size, i.e., with most grains between 40 to 600 μm Edwards et al., 2017] . MAHLI data show that many sand grains appear to consist of individual mineral grains, although highly spherical dark grains could be lithics or beads of basalt or basaltic glass (Figure 9 ). Coarser particles are found on some surfaces near High Dune . When sieved and discarded piles were examined, the coarse fractions (>150 μm) were found to have spectra, measured in situ, consistent with enrichment in olivine [Johnson et al., 2017] . Additionally, chemical data from the Chemistry and Camera (ChemCam) and Alpha-Particle X-ray Spectrometer (APXS) data sets indicate that the coarse fraction has elevated MgO but lower SiO 2 , Na 2 O, and Al 2 O compared with the finer fraction [Cousin et al., 2017; Ehlmann et al., 2017] , though some quartz-feldspathic grains are also present (see also Figure 11a ).
Mineral abundances were derived from the sieved fine fraction with the Chemistry and Mineralogy (CheMin) instrument, as summarized in Achilles et al. [2017] (see also Table 4 ). CheMin provides abundances at a high level of confidence for the crystalline phases in the <150 μm size fraction ingested by the instrument; however, abundance estimates of X-ray diffraction (XRD) amorphous phases are much less well constrained, such that uncertainty on absolute abundance of the crystalline phases remains relatively large. In Figures 5 and 6 , the filled star symbols show mineral abundances measured by CheMin at Namib Dune, renormalized to the [Achilles et al., 2017] (Table 4 ).
Because in situ modal mineralogy was derived from the fine fraction only, and other ground-based images and compositional data sets show that chemistry varies with grain size and grain size varies between the ripples and interior of the dunes, we do expect some differences between CheMin abundances and our CRISMbased results, which reflect spatially averaged bulk sand mineralogy at the optical surface. However, we expect these differences to be relatively small, and CheMin abundances offer the opportunity to assess the performance of our inversion technique. CheMin abundances fall within our estimated 95% confidence intervals for all crystalline phases (Figures 5 and 6) . The proportion of amorphous material measured in situ overlaps with our 95% confidence interval for the abundance of basaltic glass for both Fo numbers (see Namib abundances on Figures 5f  and 6f ). Average differences between the MAP and CheMin-derived abundances are 12.8 and 4.9 wt % for Fo51 and Fo80, respectively. Maximum errors are 14.6 wt % for the Fo80 case (labradorite) and 26.9 wt % for the Fo51 case (glass/XRD-amorphous, though this is somewhat uncertain because of the large uncertainties in the calculation of the XRD-amorphous component). Figure 10c also shows a comparison between the CheMin data (filled star) and the MAP (open circle), renormalized to crystalline phases only (i.e., without the basaltic glass). Average differences between the MAP and CheMin-derived abundances are 9.0 and 6.3 wt % for a Note that throughout this study, we compare our estimated abundance of basaltic glass to that of the XRD-amorphous phase, although the latter may also contain other phases. See Achilles et al. [2017] for raw data and associated uncertainties.
Journal of Geophysical Research: Planets 10.1002/2016JE005133 Fo51 and Fo80, respectively. Maximum errors are 19.7 wt % for Fo51 (pigeonite) and 15.9 wt % for Fo80 (labradorite). Inverted abundances using an olivine of Fo51 are very close to those measured by CheMin for olivine, plagioclase, and magnetite. The sum of the pigeonite and augite is also close to ground truth, although the relative abundances of low and high Ca pyroxenes are not well estimated. When pyroxenes are combined into "total pyroxene," the mean error of the MAP abundances drops to 1.9 wt %, with a maximum error of 2.8 wt % for olivine. Conversely, the pyroxene abundances and relative proportions appear to be well estimated in our inversion with an olivine of Fo80, but olivine and plagioclase are not as well predicted. For both Fo numbers, the discrepancies between our results and in situ measurements most likely arise from trade-offs between the abundances and grain sizes of our mineral endmembers further complicated by mineral endmember that are not exactly chemically representative of the precise solid solutions on the ground (Table 4 ).
In order to illustrate the usefulness of the Bayesian approach, we identified the accepted model with modeled mineral abundances most closely matching the mineral abundances obtained from CheMin (herein referred to as the CheMin best fit; Figures 10c and 10f, open squares) . Figures 10a, 10b, 10d, and 10e show a comparison between the modeled spectrum from the CheMin best fit and the CRISM single-scattering albedo data. Interestingly, the RMS errors for the CheMin best fit are 0.0075 and 0.0072 for Fo51 and Fo80, respectively, and are higher than that of the corresponding MAPs (RMS errors of 0.0065 and 0.0068 for Fo51 and Fo81, respectively; Figures 4a and 4c) ; this confirms that a simple error minimization algorithm would have missed the true composition under the model and assumptions presented here.
While the RMS errors between CRISM and model spectra are generally lower when using the Fo51 olivine, the aforementioned trade-offs between solid solutions prevent a confident estimate of olivine chemistry from the VSWIR data alone. However, CheMin measurements suggest an olivine of intermediate Mg content, Figure 11 . Estimated FeO tot + MgO versus SiO 2 of all accepted samples (heat map), the MAP (triangle), and mineral endmemebers (stars) at (a) Namib Dune, (b) Kalahari Dune, (c) the linear dune, and (d) the crater fill. Assumptions used to convert mineralogy to oxides abundances are described in section 4.2. Heat map reflects the density of accepted samples, with darker colors indicating more densely sampled regions. At Namib Dune, the circles indicate APXS measurements, which appear to cluster into two groups-the coarser (more mafic; darker circles) and the finer (more felsic; pale circles) samples. Note that for a direct comparison with our estimates from CRISM, the APXS oxide weight abundances were renormalized to the main seven oxides (SiO 2 , Al 2 O 3 , CaO, FeO, MgO, Na 2 O, and K 2 O).
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with an estimated Fo of 55 [Achilles et al., 2017] . We hypothesize that the discrepancy in pyroxene chemistry between our Fo51 scenario and ground truth arises from trade-offs between the pyroxene phases and the basaltic glass in an attempt to fit the 1 μm absorption, whose breadth and position are determined by the Fo number of the olivine. However, the relative proportions of crystalline phases are well constrained from CRISM when high-and low-Ca pyroxenes are summed and considered as total pyroxene. In the following section, we discuss the implications of our inverted mineral compositions for aeolian processes at Gale crater based on our Fo51 scenario.
Implications for Sorting, Transport Distances, and Sand Sources Within the Bagnold Dune Field
The most readily visible compositional variation from VSWIR orbital data within the Bagnold Dunes of Gale crater is that of the mafic phases, in particular the relative enrichment of the barchan dunes in olivine on the upwind, or trailing, margin of the dune field (see also Figure 1b ). Unmixing results show that olivine and plagioclase abundances are anticorrelated at the four locations we investigated (section 3.2), a trend qualitatively consistent with previous studies of aeolian basaltic sands, which showed that wind sorting tends to segregate felsic and mafic phases on Earth and Mars [Stockstill-Cahill et al., 2008; Mangold et al., 2011] . Fedo et al. [2015] suggested that the observed segregation of mafic and felsic minerals in nonchemically weathered basaltic sands of Earth and Mars is primarily controlled by the distribution of phenocrysts in the parent rock, and subsequent sorting of those grains [e.g., Nesbitt and Young, 1996; Fralick, 2003; Mangold et al., 2011] . The modes and dynamics of sediment transport are dictated by grain densities, sizes, and shapes, which generate feedback that govern grain sorting [e.g., Mason and Folk, 1958; Parfenoff et al., 1970; Hunter and Richmond, 1983; Anderson and Bunas, 1993; Makse, 2000] . In particular, Mangold et al. [2011] showed that windblown basaltic sands in Iceland were enriched in mafic phases as transport distance increases.
To quantitatively compare our results with those of Mangold et al. [2011] , who only report chemical data, we convert our inverted mineral compositions into oxide abundances. In order to do so, we assume (i) that solid solutions are at thermodynamic equilibrium; (ii) a Fo number of 51 for the olivine; (ii) wollastonite (Wo) numbers of 13 and 33 for the pigeonite and augite, respectively; (iii) an anorthite number (An) of 60 for the plagioclase; and (iv) a composition of the basaltic glass as that of our laboratory basaltic glass (~50.4 wt % SiO 2 and~17.5 wt % FeO tot + MgO). Use of assumed chemical compositions reflects our approach not to use data only obtainable by Curiosity. We also conducted the same analysis with the CheMin-derived compositions (Table 4) , which did not alter the trends.
In (SiO 2 , FeO tot + MgO) space for the four locations (Figure 11 ), estimated compositions for our accepted models (heat map) are spread parallel to the plagioclase-magnetite join, reflecting the primary trade-off of mixing bright and dark minerals to match the overall albedo of the data. However, the most densely populated region in this oxides space (darker colors in the heat map) plots in a triangle between the plagioclaseolivine join and pyroxenes, and all MAPs plot within this region. At Namib Dune (Figure 11a ), we compare our estimates to oxide abundances measured by the APXS instrument. APXS data mostly fall into two clusterscoarser samples (darker circles) having elevated Fe and Mg and lower Si than the finer samples (pale circles) -which both fall within the most-densely populated region above the plagioclase-olivine join. Our inverted MAP at Namib Dune is close to the APXS cluster of coarser samples in this space O'Connell-Cooper et al., 2017] . The MAP results for the four locations ( Figure 12 ) do not trend along the [Mangold et al., 2011] ) and Amazonis Planitia on Mars (orange triangles [Stockstill-Cahill et al., 2008] ).
Journal of Geophysical Research: Planets 10.1002/2016JE005133 plagioclase-magnetite join but rather parallel a plagioclase-olivine join in a trend most similar to that of the sand deposits of Stockstill-Cahill et al. [2008] (dark intracrater sand deposits in Amazonis Planitia, Mars) and Mangold et al. [2011] (nonchemically weathered volcanic sand in Iceland). The latter compositional spread is consistent with sorting and/or mixing of minerals grains.
Sorting of mineral grains by the wind likely contributes to compositional and grain-size variability observed from orbit (Figure 1b ) and by the rover (section 4.2). Indeed, the wind speed required to initiate saltation of sand particles, often parametrized as fluid threshold shear velocity, is a function of grain density, size, and shape [Bagnold, 1941; Shao and Lu, 2000] . The threshold wind speed to maintain saltation, or impact threshold shear velocity, can be over an order of magnitude lower than the fluid threshold because of the effect of low atmospheric density on saltation trajectories and kinetics [Kok, 2010a] . This difference leads to a hysteresis in sand transport, such that winds required to sustain transport are much weaker than those required to initiate it. On Earth, impact and fluid thresholds are more similar [Kok et al., 2012] , such that the transport hysteresis is comparatively weak. On Mars, the strong dependence of the impact threshold on grain size suggests that winds below the fluid threshold may be very efficient at size-sorting sand grains.
Dune-forming wind speeds can be estimated from grain densities and sizes under the assumption of spherical grains, though this is an approximation. Based on an air temperature of 225 K and an atmospheric pressure of 6 mbar at Gale crater [e.g., Haberle et al., 2014] , we calculate both thresholds for transport under Martian conditions from the semiempirical formulations of Shao and Lu [2000] and Kok [2010b] , which were developed for unimodal grain-size distributions. In reality, bed grain-size distributions have a finite width (very fine to medium sand ), such that the threshold models we employ may be viewed as reasonable approximations. We find that grain size is more important than density in determining thresholds of motion for the phases herein considered (Figure 13 ).
For the average MAP grain sizes of olivine (~530 μm), bulk pyroxenes (~310 μm), and plagioclase (~520 μm), the required wind speeds to sustain transport of the coarser olivine grains (~0.70 m/s) are about twice those required to sustain transport of the pyroxene grains (~0.34 m/s) and~25% larger than those required to sustain transport of plagioclase grains (~0.58 m/s). Conversely, the wind speeds required to initiate saltation of all mineral grains are more similar (between~2.0 and 2.5 m/s). Following the premise that dune-forming winds may be constrained from the size of grains that are barely saltatable [e.g., Fenton et al., 2016] , we infer that dune-forming wind shear velocities at the Bagnold Dunes are typically at least 0.4-0.7 m/s with excursions upward of 2.5 m/s. Indeed, if wind speeds were always lower than the fluid threshold, coarse olivine grains could not be transported in saltation at all, while if typical wind speeds were higher than the fluid threshold, coarse olivine grains would be effectively transported across the entire dune field (along with pyroxene grains). While our CRISM-based grain-size estimates tend to be on the higher end of sizes observed on the ground, our wind-shear velocity extrapolations are consistent with Rover Environmental Monitoring Station measurements (REMS) during the Martian low-sand flux season (~0.1-0.3 m/s [Newman et al., 2017] ) and are consistent with shear velocities inferred from global circulation models and regional studies (0.71-1.22 m/s, assuming an atmospheric density of 0.02 kg/m 3 ) [Haberle et al., 2003; Ayoub et al., 2014] . Figure 13 . Wind shear velocities required to initiate (thick lines) and sustain (thin lines) transport of the inferred grain sizes for olivine (530 μm; green), pyroxene (310 μm; blue), and plagioclase (520 μm; magenta), as estimated from our Fo51 inversion results. Wind shear velocities were estimated from the formulations of Shao and Lu [2000] and Kok [2010b] . The light gray box outlines the full range of grain sizes observed with MAHLI .
Journal of Geophysical Research: Planets
10.1002/2016JE005133
In addition to wind-sorting, mixing sediments from two sources would also spread the compositional data parallel to the plagioclase-olivine join. The magnitude of the spread in chemical composition we invert for at our four sites dwarfs that observed by Mangold et al. [2011] in Iceland, despite being measured over an order-of-magnitude shorter length scale (few versus tens of kilometers), but is similar to that estimated by Stockstill-Cahill et al. [2008] in Amazonis Planitia over >2000 km. It thus seems unlikely that wind-sorting alone could explain such a large compositional spread as what we infer for the Bagnold Dunes, and we hypothesize that the dune field may be replenished in plagioclase from a more proximal sand source. Indeed, the active dunes might be eroding bedrock and incorporating eroded material. MAHLI images of sands near High Dune show sparse but clear evidence for input from local sediment sources (e.g., coarse and irregular bright grains [see Ehlmann et al., 2017] ). More in situ data, such as from the linear dunes to the south of Namib Dune, would allow us to further test this hypothesis. Potential sources include eroded and transported olivine-bearing materials from Gale crater's walls [Ehlmann and Buz, 2015] and more local, perhaps more felsic materials, possibly present in the walls too, but certainly present in the coarse-grained conglomerates of Aeolis Palus [Sautter et al., 2015] .
Implications for the Interpretation of Martian Aeolian Sandstones
Aeolian sandstones reflect the compositional and grain-size variations within the dune field from which they formed. On Earth, most aeolian sandstones are relatively homogeneous because of the strong sorting effects of wind, and because most large aeolian deposits arise from extensive fluvial and coastal systems, which preferentially sort sand grains prior to the formation of a dune field. Indeed, in well-connected transport pathways, grains of varying mineralogy and sizes are sorted over long transport distances, resulting in homogenous materials in dune fields. Examples include many large aeolian systems, such as the deserts of China, the Middle East, and Africa. In some cases, the compositional and grain-size variations of aeolian dune fields may be high where the source area is nearby and the transport out of the basin is limited [e.g., Fenton et al., 2016] , though this type of system only represents a small part of the overall terrestrial aeolian rock record. In addition to sorting, efficient surface weathering can select for the most prevalent and resistant minerals on Earth, such as quartz and potassium feldspar, which make up most of Earth's aeolian sandstones. On Mars, however, the formation of aeolian sand and the accumulation and preservation of aeolian sandstones is relatively poorly understood [e.g., Kocurek and Ewing, 2012] , but our results suggest that primary variations of~7 wt % in SiO 2 and~20 wt % in FeO tot + MgO may arise over a length scale of a few kilometers only from sorting of basaltic sand and/or mixing well-sorted sand with local sediment sources. If the Bagnold Dunes of Gale crater are representative of the sediments forming aeolian sandstones on Mars, Martian aeolian sandstones may be more poorly sorted and compositionally diverse than terrestrial aeolian sandstones. Martian sandstones [e.g., Grotzinger et al., 2005; Milliken et al., 2014; Banham et al., 2016] thus offer the opportunity to characterize ancient aeolian environments and sediment sources if the physical sorting effects on bulk chemistry can be disentangled from chemical changes due to diagenesis and later alteration.
Conclusions
Spectral variability, in particular in the signature of mafic minerals, is readily observable from CRISM data over the Bagnold Dune Field at Gale crater. We showed that there is a qualitative correlation between zones of stronger olivine signatures, inferred lower dust cover, and higher sand fluxes. Under the assumption that dust cover is minor within the active dunes, we invert for modal mineralogy and grain sizes of the sands from CRISM shortwave infrared spectra at four locations near the traverse of the Curiosity rover from a Bayesian implementation of the Hapke radiative transfer model. Between sols~1162 and~1243, the Curiosity rover investigated the Bagnold Dunes at Gale crater, offering an unprecedented opportunity to test our orbiterbased predictions against in situ measurements of mineral composition and grain sizes. Our quantitative estimates of bulk mineralogy favorably compare with in situ measurements from the CheMin instrument onboard Curiosity at the Namib Dune sampling site, with an average error of~9 wt % for crystalline endmembers. Our inversion technique and subsequent comparison with in situ data sets illustrate the difficulty in resolving the precise chemistry of solid solutions on the ground due to spectral trade-offs between mineral endmembers and grain sizes. However, model results suggest that observed spectral variations within the dune field arise from anticorrelated abundances of olivine and plagioclase grains. Our results are consistent with sorting of the grains during aeolian transport, and in particular with the Earth-based observation that Journal of Geophysical Research: Planets 10.1002/2016JE005133 winds tend to segregate mafic and felsic phases. In addition, we hypothesize that multiple sand sources of contrasting compositions may be mixing at the Bagnold Dunes. Altogether, our quantitative constraints provide a guide for the interpretation of both modern and ancient aeolian environments on Mars from measurements of the chemical and mineral compositions of sands. We are indebted to the MSL Engineering and Science and Operations teams for collecting the in situ data, and Chi Ma of Caltech for compositional measurements of our basaltic-glass sample. We thank Alan Delamere and Rodney Heyd for their guidance on the use of HiRISE band ratios, and Christopher Edwards for providing us with the seamless color HiRISE mosaic shown in Figure 1a . Thanks to the CRISM Operations team for collecting the data set and to the CheMin team for rapid sharing of their results from MSL analyses on Mars. We also thank Tim Titus and Jessica Ball of the U.S. Geological Survey for informal reviews of our manuscript and Ralph Milliken and an anonymous reviewer for thorough reviews that improved our original manuscript. A portion of this research was carried out at the Jet Propulsion Laboratory, California Institute of Technology, under a contract with the National Aeronautics and Space Administration. M.G.A.L. was partially funded by a NASA Earth and Space Science Fellowship (12-PLANET12F-0071) and from a MSL participating Scientist Program grant to B.L.E. A.A.F. also acknowledges funding from a MSL Participating Scientist Program grant. Data presented in this paper is or will be posted on the Planetary Data System (PDS).
